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The tricarboxylic acid (TCA) cycle is an essential metabolic network in all oxidative organisms and provides precursors for
anabolic processes and reducing factors (NADH and FADH2) that drive the generation of energy. Here, we show that this
metabolic network is also an integral part of the oxidative defence machinery in living organisms and a-ketoglutarate (KG) is
a key participant in the detoxification of reactive oxygen species (ROS). Its utilization as an anti-oxidant can effectively
diminish ROS and curtail the formation of NADH, a situation that further impedes the release of ROS via oxidative
phosphorylation. Thus, the increased production of KG mediated by NADP-dependent isocitrate dehydrogenase (NADP-ICDH)
and its decreased utilization via the TCA cycle confer a unique strategy to modulate the cellular redox environment. Activities
of a-ketoglutarate dehydrogenase (KGDH), NAD-dependent isocitrate dehydrogenase (NAD-ICDH), and succinate de-
hydrogenase (SDH) were sharply diminished in the cellular systems exposed to conditions conducive to oxidative stress.
These findings uncover an intricate link between TCA cycle and ROS homeostasis and may help explain the ineffective TCA
cycle that characterizes various pathological conditions and ageing.
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INTRODUCTION
All aerobic organisms rely predominantly on the TCA cycle to

generate NADH and FADH2 from acetyl CoA, a product

obtained by the decarboxylation of pyruvate [1], [2]. NADH

provides the bulk of the reductive potential necessary for the

synthesis of ATP during oxidative phosphorylation. The reduced

nicotinamide nucleotide is oxidized by complex I and the electrons

(e2) are subsequently transferred to complex III and complex IV

where they convert O2 into H2O [3]. The proton motive force

created by the movement of e2 is harnessed to produce ATP with

the participation of ATP synthase. Although this process is

universal among all aerobic organisms, it is inherently dangerous

due to its ability to create a highly oxidative intracellular

environment. The inefficient transfer of e2 via the respiratory

complexes results in the one electron reduction of diatomic

oxygen, a phenomenon known to generate toxic ROS. Proteins,

lipids, and nucleic acids are potent targets of these reactive

moieties with disastrous consequences [4].

ROS are the effectors of a plethora of biochemical events and

are known to be the causative agents in numerous diseases [5], [6].

Such pathological conditions as Alzheimer’s disease, Amyotrophic

Lateral Sclerosis, and cancers are apparently triggered by

abnormal levels of ROS [7], [8]. As aerobic organisms are

constantly faced with the dangers of ROS, it is not surprising that

they have evolved intricate antioxidant strategies to combat these

toxic molecules [9]. Catalase (CAT), superoxide dismutase (SOD),

and glutathione peroxidase are among the critical enzymes that

are utilized to keep ROS in check. The tripeptide glutathione is

also critical in the detoxification of ROS [10]. These systems

depend on reduced nicotinamide dinucleotide phosphate

(NADPH) for their biological functions [11]. Metabolic networks

and enzymes such as glucose-6-phosphate dehydrogenase

(G6PDH), malic enzyme(ME), and NADP-ICDH that contribute

in the production of NADPH are also key to the survival of aerobic

organisms exposed to oxidative tension [12].

Although oxidative defence mechanisms are an integral

component of all aerobic organisms, it is crucial to evaluate if

the TCA cycle, the main producer of the pro-oxidant NADH, can

modulate intracellular ROS production. A diminution of the TCA

cycle will indeed decrease NADH production and consequently

limit the oxidative danger posed by the oxidation of NADH and

subsequent release of e2. In this report, using Pseudomonas fluorescens

and the HepG2 cell line as model systems, we show how the TCA

cycle is modulated with the aim of controlling the intracellular

concentration of ROS. Exposure of these aerobic systems to ROS-

producing metals and compounds perturbed the activity of several

key TCA cycle enzymes promoting the accumulation of KG. The

significance of KG, a metabolite that can detoxify H2O2 and O2
2

with the concomitant formation of succinate in this process is also

discussed.

RESULTS
P. fluorescens and HepG2 cells were challenged respectively with

menadione (O2
2 producer), hydrogen peroxide, and various toxic

metals known to promote oxidative stress. Following treatment of

these cells with these toxicants, oxidized lipids and proteins in P.

fluorescens and HepG2 cells was analyzed. Marked increments in

oxidized lipids and proteins were evident in P.fluorescens and

HepG2 cells exposed to Al, Ga, Zn, and menadione compared to

controls (Table 1 and Table 2). The oxidative properties of these

metals were also confirmed by measuring H2O2 formation. Indeed

the cell free extract (CFE) isolated from P.fluorescens exposed to Al,
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Ga, or menadione produced more H2O2 when incubated in

5 mM citrate (Table 3). Similar experiments were performed with

HepG2 cells exposed to Al. Dichlorofluorescein-diacetate analysis

revealed a higher level of intracellular ROS in HepG2 cells

exposed to Al (data not shown). Following the establishment of the

oxidative damage suffered by the cells exposed to these toxicants, it

was important to evaluate how cellular metabolism was affected

under these conditions. P. fluorescens and HepG2 cells exposed to

metal toxicants and ROS-producing molecules accumulated

succinate in the media, a biomarker for oxidative stress (data not

shown) [13]. To probe the disparate metabolic profiles observed

during oxidative stress further, cell-free extracts from P. fluorescens

and HepG2 cells exposed to labelled citrate were analyzed by 13C-

NMR and HPLC.

The first evidence for the intriguing role of the TCA cycle in

modulating oxidative tension was obtained when Ga-citrate was

incubated with the CFE (cell-free extract) from P. fluorescens. 13C-

NMR chemical shifts at 32 ppm and 181 ppm attributable to the

CH2 and COO2 of succinate were evident (Figure 1A). On the

other hand, the diagnostic fingerprints indicative of KG were

present in the CFE with citrate as the substrate (Figure 1A). No

succinate peaks were evident. As NAD was the only exogenous

cofactor utilized, KG was an important metabolite generated via

the enzyme ICDH. However, in the presence of either Al or Ga,

two metals known to generate ROS [14–16], succinate was also

produced. The inclusion of catalase prior to the addition of the

metal-citrate complex provided KG peaks only. The labelling

pattern of 13C peaks would eliminate the production of succinate

via isocitrate lyase (ICL). If this enzyme was involved, only a peak

at 32 ppm indicative of the CH2 would have been present.

Furthermore, the same diagnostic peaks were obtained in the

presence of malonate (5 mM), a potent inhibitor of ICL (Figure

S1). Thus, it appears that succinate was a product of the

decomposition of KG by the ROS generated by Ga. Similarly,

cells obtained from the Al and menadione media respectively did

readily yield the succinate signal upon incubation with labelled

citrate (Figure S2). Hence, the 13C-NMR data pointed to

a metabolic shift promoting the detoxification of ROS in P.

fluorescens subjected to Al, Ga or menadione. Studies performed

with HepG2 cells exposed to Al, a pro-oxidant, also revealed the

accumulation of KG and succinate. HPLC analyses of the control

and Al-stressed HepG2 cells revealed the marked accumulation of

both metabolites in cytosol and mitochondria of the Al-treated

cells (Figure 1, Panel B). Treatment of control cells with Al-citrate

for 24h confirmed the observed accumulation of KG and

succinate during oxidative tension. In addition treatment of Al-

stressed HepG2 cells with 5 mM KG for 24h encouraged the

cytosolic and mitochondrial accumulation of succinate (Figure 1,

Panel B). Thus these observations indicate that the oxidative insult

provoked by Al toxicity encouraged the accumulation of KG and

succinate, an end product of KG-mediated detoxification of ROS.

To further confirm the mitochondrial accumulation of KG and

succinate in Al-treated cells, mitochondria were treated for 1h with

citrate and NAD. The mitochondria from the Al-stressed cells

accumulated more KG and succinate following citrate treatment

as opposed to control mitochondria (Figure 1, Panel C). In

addition exposure of Al-stressed HepG2 cells with 10 mM 13C-

labelled citrate confirmed the observed accumulation of succinate

(Figure 1, Panel D). To confirm the antioxidant properties of KG,

membrane fractions from control and Al-stress P. fluorescens were

incubated in KG and H2O2. In contrast to the control fractions

KG was poorly metabolized in the reaction mixture containing Al-

treated membranes and the KG was strictly dedicated to the

detoxification of H2O2 as indicated by the presence of a succinate

peak (Figure 2). The inclusion of catalase in the Al-stressed

reaction mixture seemed to ablate the antioxidant properties of

KG as indicated by the lowered succinate signal (Figure 2). Thus,

it became obvious that KG was an important component of the

ROS detoxification strategy in these systems.

These findings prompted us to probe the activity and expression

of the key enzymes involved in the homeostasis of this keto acid,

namely KGDH, NADP-ICDH, and NAD-ICDH. When P.

fluorescens was exposed to Ga, Al, Fe, H2O2 or menadione, all

known to create an oxidative environment, the activity of NADP-

ICDH was increased while the activities of KGDH and NAD-

ICDH were markedly decreased. Compared to the controls, a 3-

fold reduction in KGDH activity was observed in a Ga-stressed

medium. However in a Ca-citrate culture, a metal not known to

perturb the redox environment, the activity of this enzyme was

similar to that observed in the control cultures (Figure 3).

Similarly, NADP-ICDH activity was higher in a menadione

medium. At least a 2-fold increase compared to the control was

recorded (Figure 3). This situation was reversed when these cells

were transferred to a control medium (Figure S3). Irrespective of

the source of carbon, this NADPH-generating enzyme was more

Table 1. Oxidized lipid and protein profile in P. fluorescens
exposed to oxidative and metal stress

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Oxidized lipids (nmol
MD/mg protein)

Oxidized protein (pmol
carobonyl/mg protein

Control 0.24160.040 0.02560.002

A1-stressed 0.51060.010 0.05060.002

Ga-stressed 0.45460.012 0.03760.015

menadione 0.67160.040 0.07560.003

n = 36S.D., p#0.05
doi:10.1371/journal.pone.0000690.t001..
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Table 2. Oxidized lipid and protein profile in HepG2 cells
exposed to metal stress

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Oxidized lipids (mmol
MDA/46106 cells)

Oxidized protein (pmol
carobonyl/46106 cells)

Control 0.02460.001 0.46560.002

A1-stress 0.60960.017 1.30260.007

Zn-stress 0.15660.093 1.20960.058

n = 36S.D., p#0.05
doi:10.1371/journal.pone.0000690.t002..
..
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Table 3. H202 concentrations in P. fluorescens exposed to
oxidative and metal stress

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

H202 concentration (mmol/mg protein)

Control 9.50160.301

A1-stress 19.9260.098

Ga-stress 33.3261.298

Menadione 40.2360.381

n = 36S.D., p#0.05
2 mg/ml equivalent of CFE was incubated in a reaction buffer containing
peroxidase, p-anisidine, and 5 mM citrate. The reaction was stopped after
30min and the amount of H202 was quantified.
doi:10.1371/journal.pone.0000690.t003..
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active while the NADH producing counterpart and KGDH were

less active in the cells subjected to an oxidative stress.

Blue Native Polyacrylamide Gel Electrophoresis (BN-PAGE),

2D SDS-PAGE and immunoblot assays helped establish the

relationship between activity and protein expressed. P. fluorescens

grown in control, metal stress, and pro-oxidant media revealed the

negative impact of the metal/oxidative stress on KGDH activity

(Figure 4, Panel A). To establish if the TCA cycle was indeed an

integral component of the cellular machinery involved in

defending the organism against ROS, glucose and malate were

utilized as the sole carbon sources respectively (Figure 4, Panel A).

And, when the cells were exposed to oxidants like H2O2 and

menadione, a significant decrease in KGDH activity was observed.

The ability of a pro-oxidative environment to inhibit KGDH was

further confirmed by two dimensional and immunoblot analysis of

P. fluorescens grown in citrate or Ga-citrate containing media

(Figure 4, Panel B and C). When Ga-stressed cells were introduced

into citrate control media a significant increase in KGDH activity

was observed (Figure 4, Panel D). Similarly a decrease in KGDH

activity was evident upon the introduction of control cells into the

Al containing media (Figure 4, Panel D). As KGDH is known to

be a producer of ROS, its diminished activity will lead to a marked

reduction of these oxidants [17]. These results strongly suggest that

the TCA cycle is an important metabolic network utilized by

organisms to survive an oxidative environment. In HepG2 cells,

a decrease in KGDH activity was also observed, however there did

not appear to be a significant change in expression of this

dehydrogenase (Figure 4, Panels E and F). Since oxidative stress

diminished the ability of KGDH to produce NADH, we decided

to probe the activity and expression of other NADH producing

Figure 1. Metabolite analyses in Pseudomonas fluorescens and in HepG2 cells. Panel A: 13C-NMR analyses of CFE from Pseudomonas fluorescens
grown in a defined medium with citrate as the sole carbon source.
I) Ga-13C2-2,4-citrate and NAD as substrates
II)13C2-2,4-citrate and NAD as substrates
Panel B: Analysis of a-ketoglutarate (open bars) and succinate (crossed bars) in the cytosol and mitochondria of HepG2 cells exposed to control (A),
Al-citrate (B), Al-treated cells exposed to 5 mM KG (C), and control cells exposed to Al-citrate (D). Samples were treated treated with perchloric acid
and injected into the HPLC. The peaks were manually quantified using EMPOWER software. 100% corresponds to the absorbance value for KG and
succinate peaks in the control cytosol and mitochondria (cytosol: 100% for KG and succinate is equivalent to an absorbance value of 0.0015 and
0.0012. Mitochondria: 100% for KG and succinate is equivalent to an absorbance value of 0.002 and 0.003). n = 3, mean6S.D., p#0.05. Panel C:
Representative chromatographs showing the consumption of citrate in HepG2 mitochondria. Mitochondria were isolated following a 24 h exposure
to I) citrate and II) Al-citrate. Mitochondria were incubated for 1h at 37uC in a phosphate reaction buffer consisting of 1 mM citrate and 0.1 mM NAD.
Top right corner: the purity of the mitochondrial fraction was assessed by the immunodetection of VDAC, F-actin, and H2A (note: for all NMR and
HPLC experiments the purity of the fractions was assessed prior to the experiment). Panel D: Proton-decoupled 13C-NMR spectra obtained from the
incubation of whole HepG2 cells with 10 mM 13C2-2,4-citrate for 24 h. HepG2 cells were exposed to I) citrate and II) Al-citrate for 24h and isolated for
the 13C-NMR analysis.
doi:10.1371/journal.pone.0000690.g001
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enzymes in particular NAD-ICDH. NAD-ICDH displayed a marked

decrease in P. fluorescens and HepG2 cells exposed to metal and

oxidative stress (Figure 5). HPLC studies confirmed the alterations in

nicotinamide dinucleotide metabolism as a result of oxidative stress.

Bacteria and HepG2 cells exposed to menadione, Al, and Ga

displayed higher NADP(H) and lower NAD(H) levels when

compared to control cells (data not shown). The net impact of this

concerted metabolic reconfiguration led to a dramatic decrease in

NADH, a major contributor to the production of ROS in vivo. On

the other hand, the overexpression of NADP-ICDH resulted in

increased NADPH, a critical modulator of the cellular redox

potential and KG for ROS detoxification (Figure 6). Indeed,

increased activity and expression of the NADP-dependent enzyme

was recorded in the soluble fraction from the bacterial cells (Figure 6,

Panel A). The increased activity was attributed to the emergence of

an isozyme at the upper part of the gel (Figure 6, Panel A represented

by I). In addition increased NADP-ICDH activity was also recorded

in the membrane components from P. fluorescens (Figure 6, Panel B).

The mitochondrial extracts from the HepG2 cells exposed to

oxidative stress also exhibited higher activity and expression of the

Figure 2. Analysis of the KG mediated detoxification of H2O2. 1 mg/ml equivalent of membraneous protein from control and Al-stressed P.
fluorescens was reacted for 15min in the following conditions: I) control protein+5 mM KG+5 mM H2O2, II) Al-stressed protein+5 mM KG+5 mM H2O2,
III) Al-stressed protein+5 mM KG+5 mM H2O2+10units of catalase, and IV) control protein+5 mM KG+5 mM H2O2+50 mM malonate+50 mM NaN3.
The reaction mixtures were then treated accordingly for HPLC. Time zero measurements and reactions in the absence of protein were performed to
assure the peak specificity.
doi:10.1371/journal.pone.0000690.g002
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NADP ICDH (Figure 6, Panel C-E). Immunofluorescence experi-

ments confirmed the increased expression of the NADP-dependent

mitochondrial ICDH in the HepG2 cells exposed to Al (Figure 7).

Hence, elevated levels of NADPH, KG and decreased levels of

NADH may contribute to the survival of an organism in an oxidative

environment. Furthermore, the downstream enzyme succinate

dehydrogenase (SDH) also displayed lowered activity and expression

in the stressed conditions while malate dehydrogenase (MDH) did

not show any significant change in activity (Figure 8).

DISCUSSION
These observations indicate that in an effort to circumvent

oxidative stress, prokaryotic and eukaryotic cells upregulate

NADP-ICDH to produce NADPH, a reducing equivalent re-

quired to regenerate antioxidants, and KG, a powerful antioxi-

dant. In addition these data also provide novel insight into the role

cytoplasmic and mitochondrial NADP-ICDH enzymes play in

combating oxidative stress. Thus, the TCA cycle acts both as

a scavenger and generator of ROS and its modulation appears to

be an important strategy in O2-dependent organisms to regulate

the intracellular levels of ROS. Hence, the role of this metabolic

network may be more diverse than has been hitherto proposed.

Unlike known ROS detoxifying agents like SOD and catalase that

only decompose ROS without impacting on their production [18],

the TCA cycle can both regulate their formation and participate in

their decomposition. Hence, the upregulation of NADP-ICDH

and the downregulation of KGDH and NAD-ICDH may enable

an organism to control its redox status very effectively and the

concomitant accumulation of succinate may act as a potent signal

for anaerobic respiration.

The present study extends the importance of the TCA cycle

beyond its classical role in oxidative phosphorylation and anabolic

reactions to the homeostasis of ROS. It appears that the interplay

between KG production and utilization constitutes an important

strategy aimed at modulating the concentration of ROS. By

decreasing the activity of KGDH, these cellular systems appear to

dedicate KG to ROS scavenging with the concomitant reduction

in NADH production. The KGDH with its lipoic acid localized in

the E2 subunit would be a natural sensor of intracellular oxidative

tension [19]. Its oxidation would signal the inactivation of its

enzymatic activity and the channelling of KG towards the

detoxification of ROS [20], [21]. In addition the ensuing decrease

in NADH would result in less ROS formation. Hence, it is not

surprising that in numerous disorders, a dramatic reduction in

KGDH activity is observed [22], [23]. This may be an adaptive

mechanism aimed at the detoxification of ROS, an important

mediator of various pathological conditions [24]. Such a strategy

would indeed limit ATP production but would protect the cell

from the damage of ROS and extend its survivability, an overriding

goal for most cells. The diminution of KGDH activity appears to be

central in the regulation of the TCA cycle. This enzyme produces

NADH, a prooxidant and is known to generate ROS [17]. Its

decreased activity would undoubtedly alleviate the burden imposed

during oxidative stress and increase the pool of KG, a scavenger of

ROS. Thus, the modulation of KGDH appears to be a key

component of the ROS detoxification strategy. It may control the

production of NADH via the TCA cycle and also provide KG for

combating oxidative stress. The role of metabolic enzymes in

attenuating oxidative stress has recently been reported [24–26].

Hence, it is tempting to postulate that when given the choice

between extending cellular longevity and producing ATP for other

physiological functions, the cell will opt for the former.

KG is a central metabolite in numerous metabolic networks and

provides a link between carbohydrate and protein metabolism. It is

utilized in various hydroxylation reactions essential in oxygen

Figure 3. Activities of KGDH, NADP-ICDH, and NAD-ICDH in P. fluorescens grown in various media. KGDH activity was determined by incubating
the membrane CFE (0.2 mg/mL protein equivalents) with 0.3 mM KG, 0.5 mM Coenzyme A and 0.5 mM NAD. Dinitrophenylhydrazone was monitored
[38]. NADP-ICDH activity was determined by incubating soluble CFE (0.2 mg/mL protein equivalents) with 2 mM isocitrate, 4 mM malonate and
0.5 mM NADP. Formation of NADPH was monitored at 340 nm (e = 6220 M-1 cm-1). For NAD-ICDH activity, the membrane CFE was utilized and NAD
was the cofactor. In some instances, activities of these enzymes were also obtained by quantifying activity bands using Scion Imaging Software for
Windows (SCION corperation, Frederick, MD). All activities are expressed as a percent of the control (100% corresponds to corresponds to
40 nmol.min-1.mg protein-1 for KGDH, 55 nmol.min-1.mg protein-1 for NAD-ICDH, and 55 nmol.min-1.mg protein-1 for NADP-ICDH). Crossed bar:
KGDH, open bar: NADP-ICDH, and solid bar: NAD-ICDH. Values are mean6SD, n = 3, p#0.05.
doi:10.1371/journal.pone.0000690.g003
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sensing, DNA repair, and the synthesis of L-carnitine. Thus this

keto acid may provide an interesting gauge of the oxidative status

of a cell. Even though keto acids have been used to prevent

inflammation and oxidative stress in a clinical setting, this is the

first demonstration of the role of KG in the detoxification of ROS

in both prokaryotes and eukaryotes. This is indeed a very effective

tool in neutralizing ROS as it has a dual role of heralding the

efficacy of the O2-mediated ATP-producing machinery in the cell.

The succinate generated when ROS are detoxified by KG, may

act as an intracellular mediator of anaerobiosis [27]. Indeed,

succinate has been shown to activate HIF-1a due to its role in

inhibiting the hydroxylation of proline [28], a reaction catalyzed

by prolyl hydroxylase. It has recently been shown that KG can

promote aerobic respiration and alleviate hypoxia [29].

The results reported here point to a novel biochemical function

for the TCA cycle. Due to its ability to both produce and detoxify

ROS, this metabolic network appears to be a very effective tool in

modulating the redox status of a cell. KG serves the dual purpose

of scavenging the ROS and consequently signalling anaerobiosis as

a result of succinate production. Unlike other anti-oxidant defence

mechanisms that are primarily targeted towards the detoxification

of the oxidizing moieties, only the TCA cycle can both control

their formation and participate in their decomposition. Further-

more, the resulting metabolites can also function as signalling

molecules [30]. Figure 9 provides an overview of the role of the

TCA cycle in modulating ROS production. Thus, an ineffective

TCA cycle observed in numerous diseases may be an adaptive

mechanism aimed at diminishing ROS production and extending

cellular longevity.

METHODS

Cell culture and isolation of cellular fractions
The bacterial strain P. fluorescens 13525 was obtained from

American Type Culture Collection (ATCC) and 13C2-2,4 labelled

citric acid was from Isotec, Cambridge.

P. fluorescens was grown in a mineral medium with citrate, the

sole carbon source as described in [31]. The test metals (AlCl3;

15 mM, Ga(N03); 1 mM, FeCl3; 0.1 mM, CaCl2; 1 mM) were

complexed to citrate (19 mM) and the media that were dispensed

in 200 mL amounts were inoculated with 1 mL of stationary-

phase cells. Menadione (100 mM) and H2O2 (100 mM) were

utilized for ROS stress. When malate or D-glucose was used as

carbon sources their concentration was 19 mM. The Bradford

protein assay was utilized to determine microbial growth [32].

HepG2 cells were a gift from Dr. D. Templeton (University of

Toronto) and were maintained in a-minimal Eagle medium (a-

MEM) supplemented with 5% fetal bovine serum (FBS) and 1%

antibiotics. Cells were routinely seeded and cultured in 175 cm2

flasks and incubated with 5% CO2 in a humidified atmosphere at

37uC. At 70% confluency, the cell cultures were re-supplemented

with serum-free media containing citrate (2.5 mM), Al-citrate

(0.5 mM:2.5 mM), Zn-citrate (50 mM:2.5 mM citrate) and H2O2-

citrate (40 mM:2.5 mM citrate) respectively and exposed from

4 hrs to 24 hrs. Cell viability was monitored with the aid of the

Trypan Blue exclusion Assay. Following centrifugation, cells were

suspended in a cell storage buffer (CSB, 50 mM Tris-HCl, 1 mM

phenylmethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol,

250 mM sucrose, 2 mM citrate, 1 mg/ml pepstatin, and

Figure 4. In-gel activity staining of KGDH. Panel A: Membrane CFE from P. fluorescens grown in various conditions (1–9) were analyzed. Lane 1:
citrate medium, Lane 2: Ga-stressed medium, Lane 3: Al-stressed medium, Lane 4: malate medium; Lane 5: Al-malate medium; Lane 6: H2O2-stressed
medium, Lane 7: O2

2-stressed medium, Lane 8: glucose medium, Lane 9: glucose/H2O2-stressed medium. Panel B: 2D BN-PAGE activity staining of
KGDH. Lane 1: membrane CFE from P. fluorescens grown in citrate medium. Lane 2: in Ga-citrate medium. Panel C: The bands from lanes 1 and 2 in
Panel A were excised and analyzed by 2D immunoblot. Lane 1: citrate medium. Lane 2: Ga-citrate. Panel D: Modulation of KGDH activity in membrane
CFE isolated from P. fluorescens grown in different media. Lane 1: P. fluorescens grown in citrate medium. Lane 2: Ga-citrate medium, Lane 3: Al-
stressed cells introduced into citrate medium, Lane 4: citrate cells introduced into Al-citrate medium. Panel E: In-gel detection of mitochondrial KGDH
in HepG2 cells. Lane 1: citrate, Lane 2: Al-citrate, Lane 3: Zn-citrate, and Lane 4: citrate and H2O2. Panel F: Immunoblot analysis of KGDH expression in
HepG2 mitochondria. Lane 1: citrate, Lane 2: Al-citrate, Lane 3: Zn-citrate, and Lane 4: citrate and H2O2.
doi:10.1371/journal.pone.0000690.g004
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0.1 mg/mL leupeptin). Mitochondrial and soluble fractions were

isolated by differential centrifugation [33]. To assess the purity of

each fraction, immunblot was performed on the cytoplasm and the

mitochondria to test for the presence of voltage dependent anion

channel (VDAC), histone 2A (H2A), and F-actin

Oxidized lipid and protein analysis and H2O2

measurement
The thiobarbituric acid reactive species assay (TBARS) was

performed in order to evaluate the amount of oxidized lipids in the

membrane, according to the method in [34]. Determination of

protein carbonyl content was achieved with the dinitrophenyl

hydrazine (DNPH) assay, as described in [35]. H2O2 production

was assessed using the method described in [36]. 2 mg/ml

equivalent of CFE was incubated in a reaction buffer (25 mM

Tris, 5 mM MgCl2, pH 7.0) containing peroxidase, p-anisidine,

and 5 mM citrate. The reaction was stopped after 30min and the

absorbance was recorded at 458nm.

Enzyme assays, electrophoretic analyses and

immunoblot experiments
The CFE (50–200 mg protein equivalent) were incubated at room

temperature in a 1 or 2 mL reaction mixture containing 25 mM

Tris-HCl (pH 7.3), 5 mM MgCl2 with the respective substrates

and cofactors (0.1 mM NAD, 0.1 mM NADP) for 10 min. The

reaction was also monitored at 340nm and 450nm using 2, 4-

dinitrophenylhydrazine [37], [38] respectively. KGDH activity

was monitored in the membrane CFE using KG (0.3 mM), CoA

(0.5 mM), NAD (0.5 mM). Controls were performed with reaction

mixture devoid of the reactants.

BN-PAGE was performed according to a modified method

developed by Schägger [39–41]. Enzymatic activity was visualized

Figure 5. Activity and expression of NAD-ICDH in P. fluorescens
membrane CFE and HepG2 mitochondria. Panel A: I) 2D PAGE activity
stain for NAD-ICDH in P. fluorescens membrane CFE from Lane 1: citrate
medium and Lane 2: Al-citrate medium. II) Activity bands were excised
and detected by silver staining. Lane 1: citrate and Lane 2: Al-citrate.
Panel B: In-gel NAD-ICDH activity in membrane CFE isolated from P.
fluorescens grown in different media. Lane 1: citrate medium, Lane 2: Fe-
citrate medium, Lanes 3-7: citrate media containing 0.1, 1.0, 5.0, 10.0
and 15.0 mM Al, respectively. Panel C: NAD-ICDH activity in the
mitochondrial extract from HepG2 cells grown in Lane 1: citrate, Lane 2:
Al-citrate, Lane 3: Zn-citrate, and Lane 4: H2O2 and citrate conditions.
doi:10.1371/journal.pone.0000690.g005

Figure 6. The detection of NADP-ICDH/NAD-ICDH in the soluble and
the membrane CFE from P. fluorescens and the mitochondria from
HepG2 cells. Panel A: BN-PAGE analysis of NADP-ICDH activity in
soluble CFE isolated from P. fluorescens grown in various media. Lane 1:
citrate, Lane 2: cells grown in Ga-citrate, Lane 3: control cells transferred
into Ga-citrate media for 6 h, Lane 4: control cells transferred to
medium with 1 mM menadione for 6h, and Lane 5: control cells
transferred to medium with H2O2 (15 mM). I and II correspond to two
bands with ICDH activities. Panel B: The membrane CFE isolated P.
fluorescens grown in Lane 1: citrate, Lane 2: Al-citrate, and Lane 3: Ga-
citrate media were tested for membrane NADP-ICDH and NAD-ICDH
activity. Following the visualization of the NAD-ICDH activity band, the
gel was treated with 2 mM isocitrate and 0.1 mM NADP. Panel C:
HepG2 cells grown in Lane 1: citrate, Lane 2: Al-citrate, Lane 3: Zn-citrate,
and Lane 4: citrate and H2O2 were analyzed for the presence of
a mitochondrial NADP-ICDH. Following the detection of NAD-ICDH,
NADP-ICDH bands were detected as in Panel A. Panel D: The NADP-
ICDH activity bands from Panel C were excised and subject to 2D SDS-
PAGE. Lane 1: citrate, Lane 2: Al-citrate, Lane 3: Zn-citrate, and Lane 4:
citrate and H2O2. Panel E: 2D immunodetection of NADP-ICDH in HepG2
mitochondria isolated from HepG2 cells grown in Lane 1: citrate, Lane 2:
Al-citrate, Lane 3: Zn-citrate, and Lane 4: citrate and H2O2 conditions.
doi:10.1371/journal.pone.0000690.g006
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by the precipitation of formazan via phenazine methosulphate

(PMS) and iodonitrotetrazolium (INT). To limit cross reaction

NADP-ICDH and NAD-ICDH activities, the concentration of the

cofactor ranged from 0.01–0.1 mM. Protein expression was

analyzed by either Coomassie, silver stain, or immunoblot

techniques following 2D BN-PAGE, 2D SDS-PAGE and 3D

SDS-PAGE. Immunoblotting experiments employed antibodies

directed against KGDH (E2 subunit), SDH, and NADP-ICDH

were generously supplied by Dr. G. Lindsay (University of

Glasgow), Dr. Lemire (University of Alberta), and Dr. S. Yokota

(University of Yamanashi) respectively. The band intensities were

quantitated using Scion Image for Windows (Scion Corporation,

Frederick, Maryland, USA). 40–60 mg of protein was loaded into

each well. For 2D and 3D SDS PAGE the activity bands from the

in-gel activity stain were excised and treated with 1% b-

mercaptoethanol and 1% SDS for 1h. The digested activity bands

were then loaded into the gel and electrophoresed under

denaturing conditions. Upon completion the gel slab was subject

to Coomassie staining, silver staining, or immunoblotting. 2D BN

PAGE was also performed on the activity bands. Activity bands

were excised, loaded immediately into the Native gel, and then

electrophoresed under Native conditions. Following completion

the gel was subject to further activity staining or subject to silver

staining.

13C-Nuclear Magnetic Resonance (NMR)

spectroscopy and HPLC Analyses
13C-NMR analyses were performed using the Varian Gemini

2000 spectrometer operating at 50.31 MHz for 13C. Reactions

were assayed in phosphate buffer (10 mM phosphate, 5 mM

MgCl2, pH 7.3), 5 mM labelled 13C2-2,4 citric acid or complexed

(1:1) with the appropriate metal and 3 mg protein equivalent of

CFE were utilized. Reactions were scanned for 2,000 or 20,000

transients and the resulting signals were referenced to standard

metabolite spectra. Similarly, HepG2 whole cells were incubated

for 1h at 37uC in a phosphate reaction containing 10 mM 13C2-

2,4 citrate. For HPLC analysis of metabolite content, 2 mg/ml of

cytosol and mitochondria isolated from HepG2 cells exposed to

control or Al-stressed conditions was diluted to 561023 mg and

injected into the column. Fractions were treated with 0.5%

perchlorate prior to injection. Similar experiments were performed

with control HepG2 cells exposed to Al for 24 h and Al-treated

HepG2 cells incubated in 5mM KG for 24 h. KG accumulation

and metabolism was analyzed by incubating 2 mg/ml (protein

equivalent) of HepG2 mitochondria or membrane CFE from P.

fluroescens for 1h in a phosphate buffer containing 1 mM citrate

with either 0.1 mM NAD or 0.1 mM NADP. For P. fluorescens,

Figure 8. Determination of the activity and expression of SDH and
MDH in P. fluorescens and the mitochondria of HepG2 cells. Panel A:
In-gel detection of SDH activity and expression in P. fluorescens grown
in Lane 1: citrate and Lane 2-6: citrate media containing 0.1, 0.5, 5, 10,
and 15 mM Al. Panel B: 2D immunodetection of SDH in P. fluorescens
grown in Lane 1: citrate and Lane 2: Al-citrate. Lanes 1 and 6 from panel
A were excised and analyzed. Panel C: In-gel detection of SDH activity in
mitochondria of HepG2 grown in Lane 1: citrate and Lane 2: Al-citrate
conditions. Panel D: Immunodetection of SDH in the mitochondria of
HepG2 cells grown in Lane 1: citrate and Lane 2: Al-citrate conditions.
Panel E: In-gel detection of MDH activity in the mitochondria of HepG2
cells grown in Lane 1: citrate and Lane 2: Al-citrate conditions (I = activity
stain, II = 2D electrophoresis).
doi:10.1371/journal.pone.0000690.g008

Figure 7. Immunofluorescent studies of mitochondrial NADP-ICDH in
HepG2 cells subjected to oxidative stress. HepG2 cells were grown to
a minimal density on coverslips and exposed to I) citrate and II) 0.5 mM
Al-citrate for 24 h. The fluorescein isothiocyanate tagged secondary
antibody (green) was used to visualize NADP-ICDH. The yellow
fluorescence indicates the presence of NADP-ICDH in the mitochondria.
Scale bar: 10 mm.
doi:10.1371/journal.pone.0000690.g007
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reactions a 1 mg equivalent of membrane fraction was incubated

for 15 min in a phosphate reaction buffer containing 5 mM KG

and 5 mM H2O2. Reactions were stopped on ice with perchloric

acid and the supernatant was analyzed with a C18-reverse phase

column (phenomenex). A mobile phase consisting of 20 mM

KH2PO4 (pH 2.9) operating at a flow rate of 0.7ml/min at

ambient temperature was utilized. All NMR signals and HPLC

peaks were confirmed by spiking with known standards.

Immunofluorescence microscopy
HepG2 cells were grown on glass coverslips in control and Al-

stressed conditions as described above. The coverslips were

washed thoroughly with PBS and 0.5 mM EDTA and exposed

for 30min to rhodamine B (10 mg/ml in 2ml of a-MEM, 37uC).

The coverslips were fixed for 10min in a methanol/acetic acid

solution (3:1 v/v) and subsequently incubated for 1h with 5% FBS

dissolved in TTBS (1% Tween 20). Following the incubation in

primary antibody (anti-ICDH 1/200 dilution) for 2h and

secondary antibody (anti-rabbit FITC conjugate 1/1000 dilution)

for 1h, the coverslips were washed extensively with TBS.

Fluorescence was visualized using an inverted deconvoluting

microscope operating at the appropriate emission and excitation

wavelengths. The anti-rabbit FITC conjugate was purchased from

Santa Cruz.

Statistical analysis
Data were expressed as mean6SD. Statistical correlations of data

were checked for significance using the student t test. Experiments

were performed twice and in triplicate.

SUPPORTING INFORMATION

Figure S1 13C-NMR analysis of the CFE from Pseudomonas

fluorescens grown in a defined medium containing Ga-citrate.

2 mg/ml protein equivalent of CFE was incubated for 1h in

a phosphate reaction buffer containing 5 mM Ga-13C2-2,4-

citrate, 5 mM malonate, and NAD. The reaction was stopped by

boiling for 5min and the sample was treated accordingly for NMR

analysis.

Found at: doi:10.1371/journal.pone.0000690.s001 (2.43 MB TIF)

Figure S2 13C-NMR analysis of the CFE from Pseudomonas

fluorescens grown a defined medium containing I) citrate, II) Al-

citrate, and III) citrate and menadione. 2 mg/ml protein

equivalent of CFE was incubated for 1 h in a phosphate reaction

buffer containing I) 5 mM 13C2-2,4-citrate, II) 5 mM Al-13C2-

2,4-citrate, and III) .5 mM 13C2-2,4-citrate. NAD was utilized as

a cofactor. The reactions were stopped by boiling for 5min and the

sample was treated accordingly for NMR analysis.

Found at: doi:10.1371/journal.pone.0000690.s002 (21.61 MB

TIF)

Figure S3 Regulation of cytosolic NADP-ICDH activity. The

activity of NADP-ICDH was determined in Pseudomonas

fluorescens grown in Lane 1: citrate (control), Lane 2: citrate

and menadione, Lane 3: menadione-treated cells cultured in

control media for 8h, and Lane 4: control cells cultured in

menadione-containing media for 8h. I and II correspond to the

two NADP-ICDH isozymes.

Found at: doi:10.1371/journal.pone.0000690.s003 (3.12 MB TIF)

ACKNOWLEDGMENTS

Author Contributions

Conceived and designed the experiments: VA RM RH. Performed the

experiments: RM RB JL RS DC. Analyzed the data: VA RM RH.

Contributed reagents/materials/analysis tools: VA. Wrote the paper: VA

RM.

REFERENCES
1. Fernie AR, Carrari F, Sweetlove LJ (2004) Respiratory metabolism: glycolysis,

the TCA cycle and mitochondrial electron transport. Curr Opin Plant Biol 7(3):

254–261.

2. Das J (2006) The role of mitochondrial respiration in physiological and

evolutionary adaptation. Bioessays 28(9): 890–901.

3. Devin A, Rigoulet M (2007) Mechanisms of mitochondrial response to variations

in energy demand in eukaryotic cells. Am J Physiol Cell Physiol 292(1):

C52–58.

4. Wei YH, Lee HC (2002) Oxidative stress, mitochondrial DNA mutation, and

impairment of antioxidant enzymes in aging. Exp Biol Med (Maywood) 227(9):

671–682.

5. Calabrese V, Lodi R, Tonon C, D’Agata V, Sapienza M, et al. (2005) Oxidative

stress, mitochondrial dysfunction and cellular stress response in Friedreich’s

ataxia. J Neurol Sci 233(1–2): 145–162.

6. Tappia PS, Dent MR, Dhalla NS (2006) Oxidative stress and redox regulation of

phospholipase D in myocardial disease. Free Radic Biol Med 41(3): 349–361.

7. Valentine JS, Hart PJ (2003) Misfolded CuZnSOD and amyotrophic lateral

sclerosis. Proc Natl Acad Sci U S A 100(7): 3617–3622.

8. Uehara T, Nakamura T, Yao D, Shi ZQ, Gu Z, et al. (2006) S-nitrosylated

protein-disulphide isomerase links protein misfolding to neurodegeneration.

Nature 441(7092): 513–517.

9. Genova ML, Pich MM, Bernacchia A, Bianchi C, Biondi A, et al. (2004) The

mitochondrial production of reactive oxygen species in relation to aging and

pathology. Ann N Y Acad Sci 1011: 86–100.

10. Urso ML, Clarkson PM (2003) Oxidative stress, exercise, and antioxidant

supplementation. Toxicology 189(1–2): 41–54.

11. Nordberg J, Arner ES (2001) Reactive oxygen species, antioxidants, and the

mammalian thioredoxin system. Free Radic Biol Med 31(11): 1287–1312.

12. Noctor G (2006) Metabolic signalling in defence and stress: the central roles of

soluble redox couples. Plant Cell Environ 29(3): 409–425.

13. Mailloux RJ, Hamel R, Appanna VD (2006) Aluminum toxicity elicits

a dysfunctional TCA cycle and succinate accumulation in hepatocytes.

J Biochem Mol Toxicol 20(4): 198–208.

14. Singh RB, RMiddaugh, JHamel, RChenier, DAppanna, VDKalyuzhnyi S

(2005) Aluminum-tolerant Pseudomonas fluorescens: ROS toxicity and enhanced

NADPH production. Extremophiles 9(5): 367–373.

Figure 9. The TCA cycle and ROS homeostasis (KG is a potent ROS
scavenger. Green = increase, Red = decrease).
doi:10.1371/journal.pone.0000690.g009

The TCA Cycle

PLoS ONE | www.plosone.org 9 August 2007 | Issue 8 | e690



15. Sargazi M, Shenkin A, Roberts NB (2006) Aluminium-induced injury to kidney

proximal tubular cells: Effects on markers of oxidative damage. J Trace Elem
Med Biol 19(4): 267–273.

16. Exley C (2004) The pro-oxidant activity of aluminum. Free Radic Biol Med

36(3): 380–387.
17. Tretter L, Adam-Vizi V (2004) Generation of reactive oxygen species in the

reaction catalyzed by alpha-ketoglutarate dehydrogenase. J Neurosci 24(36):
7771–7778.

18. Johnson P (2002) Antioxidant enzyme expression in health and disease: effects of

exercise and hypertension. Comp Biochem Physiol C Toxicol Pharmacol 133(4):
493–505.

19. Sgherri C, Quartacci MF, Izzo R, Navari-Izzo F (2002) Relation between lipoic
acid and cell redox status in wheat grown in excess copper. Plant Physiology and

Biochemistry 40: 591–597.
20. Bunik VI (2003) 2-Oxo acid dehydrogenase complexes in redox regulation.

Eur J Biochem 270(6): 1036–1042.

21. Bunik VI (2003) 2-Oxo acid dehydrogenase complexes of multicellular
organisms. Eur J Biochem 270(6): 1035.

22. Zhu X, Raina AK, Lee HG, Casadesus G, Smith MA, et al. (2004) Oxidative
stress signalling in Alzheimer’s disease. Brain Res 1000(1–2): 32–39.

23. Bubber P, Ke ZJ, Gibson GE (2004) Tricarboxylic acid cycle enzymes following

thiamine deficiency. Neurochem Int 45(7): 1021–1028.
24. Brand MD, Affourtit C, Esteves TC, Green K, Lambert AJ, et al. (2004)

Mitochondrial superoxide: production, biological effects, and activation of
uncoupling proteins. Free Radic Biol Med 37(6): 755–767.

25. Bryk R, Lima CD, Erdjument-Bromage H, Tempst P, Nathan C (2002)
Metabolic enzymes of mycobacteria linked to antioxidant defense by

a thioredoxin-like protein. Science 295(5557): 1073–1077.

26. Middaugh J, Hamel R, Jean-Baptiste G, Beriault R, Chenier D, et al. (2005)
Aluminum triggers decreased aconitase activity via Fe-S cluster disruption and

the overexpression of isocitrate dehydrogenase and isocitrate lyase: a metabolic
network mediating cellular survival. J Biol Chem 280(5): 3159–3165.

27. Mailloux RJ, Appanna VD (2007) Aluminum toxicity triggers the nuclear

translocation of HIF-1alpha and promotes anaerobiosis in hepatocytes. Toxicol
In Vitro 21(1): 16–24.

28. Selak MA, Armour SM, MacKenzie ED, Boulahbel H, Watson DG, et al. (2005)
Succinate links TCA cycle dysfunction to oncogenesis by inhibiting HIF-alpha

prolyl hydroxylase. Cancer Cell 7(1): 77–85.

29. Mackenzie ED, Selak MA, Tennant DA, Payne LJ, Crosby S, et al. (2007) Cell-

Permeating {alpha}-Ketoglutarate Derivatives Alleviate Pseudohypoxia in

Succinate Dehydrogenase-Deficient Cells. Mol Cell Biol 27(9): 3282–3289.

30. He W, Miao FJ, Lin DC, Schwandner RT, Wang Z, et al. (2004) Citric acid

cycle intermediates as ligands for orphan G-protein-coupled receptors. Nature

429(6988): 188–193.

31. Anderson S, Appanna VD, Huang J, Viswanatha T (1992) A novel role for

calcite in calcium homeostasis. FEBS Lett 308(1): 94–96.

32. Bradford MM (1976) A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein-dye binding.

Anal Biochem 72: 248–254.

33. Kwik-Uribe CL, Reaney S, Zhu Z, Smith D (2003) Alterations in cellular IRP-

dependent iron regulation by in vitro manganese exposure in undifferentiated

PC12 cells. Brain Res 973(1): 1–15.

34. Aydin S, Yargicoglu P, Derin N, Aliciguzel Y, Abidin I, et al. (2005) The effect of

chronic restraint stress and sulfite on visual evoked potentials (VEPs): relation to

lipid peroxidation. Food Chem Toxicol 43(7): 1093–1101.

35. Frank J, Pompella A, Biesalski HK (2000) Histochemical visualization of oxidant

stress. Free Radic Biol Med 29(11): 1096–1105.

36. Yumoto I, Ichihashi D, Iwata H, Istokovics A, Ichise N, et al. (2000) Purification

and characterization of a catalase from the facultatively psychrophilic bacterium

Vibrio rumoiensis S-1(T) exhibiting high catalase activity. J Bacteriol 182(7):

1903–1909.

37. Sadka A, Dahan E, Or E, Cohen L (2000) NADP(+)-isocitrate dehydrogenase

gene expression and isozyme activity during citrus fruit development. Plant

Science 158(1–2): 173–181.

38. Romanov V, Merski MT, Hausinger RP (1999) Assays for allantoinase. Anal

Biochem 268(1): 49–53.

39. Schagger H, von Jagow G (1991) Blue native electrophoresis for isolation of

membrane protein complexes in enzymatically active form. Anal Biochem

199(2): 223–231.

40. Mailloux RJ, Singh R, Appanna VD (2006) In-gel activity staining of oxidized

nicotinamide adenine dinucleotide kinase by blue native polyacrylamide gel

electrophoresis. Anal Biochem 359(2): 210–215.

41. Singh R, Chenier D, Beriault R, Mailloux R, Hamel RD, et al. (2005) Blue

native polyacrylamide gel electrophoresis and the monitoring of malate- and

oxaloacetate-producing enzymes. J Biochem Biophys Methods 64(3): 189–199.

The TCA Cycle

PLoS ONE | www.plosone.org 10 August 2007 | Issue 8 | e690


